Many northern indigenous populations are exposed to elevated concentrations of contaminants through traditional food and many of these contaminants come from regions exterior to the Arctic. Global contaminant pathways include the atmosphere, ocean currents, and river outflow, all of which are affected by climate. In addition to these pathways, precipitation, animal availability, UV radiation, cryosphere degradation and human industrial activities in the North are also affected by climate change. The processes governing contaminant behaviour in both the physical and biological environment are complex and therefore, in order to understand how climate change will affect the exposure of northern people to contaminants, we must have a better understanding of the processes that influence how contaminants behave in the Arctic environment. Furthermore, to predict changes in contaminant levels, we need to first have a good understanding of current contaminant levels in the Arctic environment, biota and human populations. For this reason, it is critical that both spatial and temporal trends in contaminant levels are monitored in the environment, biota and human populations from all the Arctic regions. (Int J Circumpolar Health 2005;64(5):498-508.) 
INTRODUCTION
Once thought to be a pristine ecosystem, it is now known that the circumpolar Arctic is impacted by various contaminants such as heavy metals (eg. mercury) and persistent organic pollutants (POPS; eg. dioxin, PCBs) (1) . These contaminants are mostly produced and used at lower latitudes and transported north via various pathways where they can enter marine and terrestrial food chains. As Indigenous people are located at the top of the Arctic food chain, this has direct implications for human exposure as many of these contaminants not only bioaccumulate but they also biomagnify, resulting in elevated concentrations in many animals that are important components of a traditional diet.
Although there are other routes of exposure for Indigenous northern people (2) , traditional foods coming from hunting, fishing and collection activities are the major vector through which people are exposed to these contaminants (3) . Furthermore, traditional food not only constitutes a source of nutrition for Indigenous northern people, but it also represents a central component of their economic viability as well as social, cultural and spiritual well-being. Although the diet of many northern people consists of a mix of traditional and store-bought foods, dietary survey results show that traditional foods are still widely consumed in many northern communities today (3) . These dietary patterns result in exposure to contaminants such as heavy metals through the consumption of fish and organ meats, and persistent organic pollutants (POPs) through the consumption of fat mainly from marine mammals (4) . This exposure has resulted in significantly higher concentrations of certain contaminants in northern people compared to concentrations observed in more southern populations (5) . Deleterious health affects such as immunodeficiency and neurodevelopmental impacts have been noted in some northern communities (6, 7) , despite the fact that variables such as alcohol consumption and smoking often confound interpretation of these data making direct links between exposure to contaminants and health endpoints difficult. Traditional foods provide several nutritional benefits as these foods are low in saturated fats, rich in omega 3 fatty acids and consumption has been linked to a low incidence of heart disease, diabetes and some cancers as well as protection against high blood pressure (3, 8, 9) . From these studies, it is apparent that an assessment of the health benefits of consuming traditional foods requires a thorough understanding of both the nutritional benefits for indigenous people, as well as the risks associated with elevated exposure to certain contaminants. An accurate evaluation of the level of contaminant exposure was recently reported by Van Oostdam et al., (3) as an important knowledge gap in assessing the health implications for Indigenous people consuming a diet composed largely of traditional foods. To address this knowledge gap projects funded under programs such as the Canadian Northern Contaminants Program (10) have monitored concentrations of contaminants in traditional food species. Factors such as age, socioeconomic status and sex are currently considered important determinants of traditional food consumption, and therefore who is exposed to contaminants via this route of exposure (3, 11) .
CLIMATE CHANGE AND HUMAN HEALTH
Climate change is an emerging factor that may also influence the exposure of Indigenous northerners to contaminants. With a warming climate the range and distribution of some animals is predicted to shift which in turn may alter their accessibility to Arctic residents. Climate change is predicted to affect the timing and rate of snow and ice melt as well as increase precipitation which in turn could alter the geochemical cycling of some contaminants. The objective of this paper is to briefly outline how climate change events predicted, or currently being observed in some cases in the Arctic, may affect contaminant levels in traditional foods, thereby influencing human exposure in Arctic communities.
General predicted climate change trends in the north
Air and sea surface temperature changes There is substantial scientific evidence indicating that the global climate is warming at an accelerated rate (12) . While emissions of greenhouse gases originate largely in southern latitudes, climate change trends and models project that northern circumpolar regions will be first impacted by warming. While specific warming trends in the various northern regions are predicted to be non-uniform (13), a general warming of air and sea surface temperatures is anticipated. Sea ice is a sensitive indicator of warming air and sea surface temperatures in the North and trend analysis of historical data from the last century shows that ice coverage is receding at an accelerated rate (14) . Not only is the total area of sea ice cover affected by this warming, but also the ice coverage is thinner now than in the past. Many climate change models predict that these decreases in sea ice coverage and thickness will continue into the next century (15, 16) , which may ultimately lead to an ice-free Arctic Ocean yearround.
Possible implications of these predicted air and sea surface temperature changes Many developing countries still use some pesticides that are environmentally persistent chemicals. Due to the warm, humid climates in many of these regions, as well as the volatile nature of some chemicals used, these contaminants enter the atmosphere, and as a result of prevailing winds, are transported north where condensation occurs in relation to colder ambient temperatures. This long range transport and global distillation describes how many volatile contaminants, such as persistent organic pollutants (17) are now detected in northern ecosystems where few local sources of these substances exist.
Bans and restrictions on many of these volatile persistent contaminants in southern regions have resulted in declines in their concentrations in the North. For example, since the ban on DDT in Canada and the United States in the 70s, concentrations of this chemical have declined in many arctic species over the last few decades (18, 19) . As many of these species are important components of traditional diets, DDT concentrations in northern people have mirrored this decreasing trend seen in these animals (20) . This example shows the link between contamination in traditional foods, exposure to humans and pesticide use at lower latitudes. Climate warming in southern regions may cause the emergence or re-emergence of pests or disease vectors, which in turn may require the lifting of pesticide bans and restrictions, or the introduction of new persistent chemicals to protect human popula-CLIMATE CHANGE AND HUMAN HEALTH tions in these regions. For example, to combat the threat of mosquito-borne diseases such as West Nile virus and malaria, southern regions may need to adopt the use of persistent pesticides to control insect populations, which may have implications for northern communities if these compounds are then transported to the North.
Warming events predicted in some southern regions may also increase the importance of the atmosphere as a global transport vector for some contaminants, independent of their use. Of particular importance are pesticides such as lindane and toxaphene, whose behaviour in the environment is known to be strongly influenced by temperature. Increased volatilization of lindane (γ-hexaclorocyclohexane; γ-HCH) from soils has been shown to be positively correlated with increasing temperature (21) . Annual temperature trends over the last 20 years show an increase an average of 0.5-1°C in many regions where this pesticide is still used (e.g. North America; 22, 12). These increases in temperature will cause an increase in volatilization of HCH, and may ultimately lead to an increase in HCH concentrations in many northern regions. A recent study by Polder et al., (22) has shown that β-HCH is currently one of the main contaminants in human breast milk among people living in the Russian Arctic. As Western Europe contributes 48% of the γ-HCH currently found in the Russian Arctic (23), increases in temperature over the European landmass may be of special concern to northern Russian residents as they may experience an increase in this exposure.
The hypothesis of increased temperature and increased HCH transport and human exposure is complicated by the fact that climate change is expected to occur in many northern regions which in turn will decrease the thermodynamics that currently force contaminants such as HCH from southern to northern regions (24) . In addition, the Arctic Ocean currently represents a substantial sink for HCH, and warming events in the North may alter the behaviour of this pesticide in the arctic environment as the warming of surface waters by a few degrees could result in a significant evasion of HCH from the ocean into the atmosphere (24).
The cryosphere also represents an important sink for many contaminants in the circumpolar north. Results to date show elevated concentrations of some contaminants in snow from some arctic regions (Table I ). Due to overall warming trends that are predicted to occur in these regions, contaminants stored in the cryosphere will be remobilized into the environment as a result of ice, snow and permafrost melt. The implications of snow and ice melt on contaminant remobilization depend on the characteristics of the contaminant. One possible outcome is that contaminants stored within snow and ice will be released to aquatic environments via runoff. This may have implications for people of the Russian Arctic as concentrations of contaminants such as DDT and HCH are elevated in snow from that region (Table I ). Due to its high solubility, HCH concentrations are expected to increase CLIMATE CHANGE AND HUMAN HEALTH in melt water and due to runoff, this contaminant will be able to enter aquatic ecosystems and possibly the food chain (25) . In contrast, hexachlorobenzene (HCB) is predicted to volatize into the atmosphere during melting of snow (25) . Also, the presence of sea ice acts as a barrier preventing atmospherically transported contaminants such as PCBs and toxaphene from directly entering the ocean. With reduced ice coverage associated with climate warming, these contaminants will be loaded directly into the Arctic Ocean where they would enter the marine food chain.
Biotic changes
Since many of the species consumed by Indigenous people are components of aquatic food chains, it follows that changes in contaminant levels in freshwater aquatic systems either directly through inputs, or indirectly through changes in food web structure have the potential to influence human contaminant exposure. As a result of warming, more light penetration and a lengthened growing season, some Arctic lakes are already experiencing increases in primary productivity (26) . Located at the base of aquatic food chains, primary producers such as algae and diatoms can influence contaminant transfer in the food chain. For example, significant and rapid increases in algae population size can decrease mercury accumulation in higher trophic levels (ie. fish), as large numbers of algae actually dilute the concentration of Hg entering the base of the food chain as a result of bloom dilution (27) . In response to the warming of surface waters, microbial degradation of some contaminants is also likely to occur. Significant microbial degradation of hexachlorocyclohexane (HCH) has been observed in the Arctic Ocean, representing 29-37% of the total annual loss of HCH from this body of water (28) . As microbial activity is positively influenced by temperature, small increases in surface water temperatures may increase the proportion further, resulting in greater loss of HCH from the Arctic Ocean with climate warming.
However, in some cases microbial activity may increase the risk of human contaminant exposure. For example, methyl mercury (MeHg), the most toxic mercury species, enters the base of the food chain and biomagnifies at higher trophic levels in organisms such as fish, creating an increased risk of exposure to humans (3) . The methylation process is carried out by bacteria, which are present in many different ecosystems including the Arctic (29). Loseto et al., (30) studied the production of MeHg in laboratory experiments conducted on frozen soil collected from the high Arctic and found that increased methlylation rates were associated with rising temperatures.
Increased ultraviolet radiation
Global reductions in the stratospheric ozone layer have been reported during the latter half of this century and despite regulations to phase out the production and use of ozone-depleting compounds, the damaged stratospheric ozone layer is not expected to repair significantly in the North for many decades, in part due to increasing concentrations of greenhouse gases and climate change trends (31) . As a consequence, more solar ultraviolet (UV) radiation is reaching the Earth's lower atmosphere and surface. In arctic regions, there has been an ozone loss of 3% / decade during the period 1979-2000, and with climate change, these trends are expected to continue (32) .
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Possible implications of increased ultraviolet radiation (UV)
Perhaps the most significant impact of UV radiation on changes in contaminant behaviour relevant to human health will occur via mercury (Hg). Foods such as certain fish and marine mammals are significant sources of mercury exposure for indigenous northern people (3). Chronic methylmercury (MeHg) exposure has been linked to sensory and motor dysfunction in humans (33) . Increases in UV radiation will no doubt affect mercury cycling in the North, however the net result of these changes is difficult to predict. It is known that UV radiation plays an important role in mercury depletion events, where reactive Hg is removed from the atmosphere and deposited in terrestrial and aquatic environments (10). However, Lalonde et al., (34) showed that photo-oxidation of mercury is also occurring, resulting in a flux of Hg from water to the atmosphere. Furthermore methylmercury degradation and production in surface waters have both been linked to solar radiation (35, 36) . Indirectly, UV radiation could increase the bioaccumulation potential of Hg in the aquatic food chain by breaking down large, recalcitrant organic matter to low molecular weight organic compounds which when associated with Hg are readily taken up by aquatic organisms (37) . From these studies it is apparent that more information is needed to understand the relative importance of these changes in the Arctic environment in order to be able to accurately predict how increases in solar radiation will affect Hg exposure to humans.
Changes in Arctic oscillation
Although climate change in the North is commonly thought to be linked to anthropogenic activities, the Arctic's climate also varies naturally. The Arctic Oscillation Index (AO) is used to describe different atmospheric regimes, and varies naturally between positive (AO+) and negative (AO-) (see Messener et al., this edition). These two climate regimes involve changes in sea-level pressure resulting in atmospheric circulation conditions that are either cyclonic (moving in a counterclockwise direction about the earth's axis) during AO+ conditions or anticyclonic during AO-conditions. At the end of the 1980s, the circumpolar region entered a positive AO phase of unprecedented strength. It is currently not certain whether this strong shift to an AO+ phase is the result of natural climate cycling, or rather a sign that the Arctic is responding to anthopogenically-induced climate warming (24) .
Positive Arctic Oscillation
Under AO+ conditions there is a significant shift in oceanic currents and instead of moving from the Laptev Sea in Russia across the Eurasian Basin and ending up in the Greenland Sea, predominant currents take a cyclonic diversion to the Canadian Basin. The Russian coastline is heavily industrialized and consequently concentrations of some contaminants such as polycyclic aromatic hydrocarbons (PAHs) and metals are elevated in this region (38, 39) . Accordingly, concentrations of some contaminants are elevated in Russian biota (40, 41) and people (1, 23) . A shift in oceanic currents due to changes in the arctic oscillation would change the transport pattern of contaminants originating in Russian regions, and in this example could possibly reduce exposure of contaminants to Indigenous people of eastern Greenland while CLIMATE CHANGE AND HUMAN HEALTH increasing exposure to Inuit of the Canadian Arctic Archipelago.
In addition to changes in oceanic currents, under a positive AO the amount of precipitation falling in some northern regions has increased (42) and the total annual precipitation is expected to increase in the Arctic, with most of this increase likely coming as rain (43) . Under the normally dry conditions of the Arctic, scavenging of particulate and aerosol-associated contaminants is low; however increased precipitation will increase the removal of contaminants from the atmosphere (24) . How increased precipitation will affect the removal efficiency of different contaminants from the atmosphere depends on the characteristics of the contaminant (ie. solubility), the atmospheric temperature, as well as whether the precipitation is falling as snow or rain (44) . For example, HCH is generally more readily scavenged by rain, whereas PCBs tend to be more efficiently scavenged by snow (44) . Increased removal of persistent contaminants from the atmosphere by precipitation will result in their increased deposition on land, ice and in the ocean and lakes where they can then enter marine and terrestrial food chains, ultimately increasing the potential of exposure to humans consuming traditional foods in these regions. This could be of particular concern to inhabitants of northern Scandinavia and eastern Greenland; regions where the most dramatic increases in precipitation are predicted to occur in winter months (24) .
As a result of increased precipitation and snow and ice melt, runoff and river discharge into the Arctic Ocean has increased in many arctic regions (45) . Models predict that discharge from Arctic rivers such as the Mackenzie and the Ob may increase up to 20% (of the pre-Industrial Period level) by the middle of the 21 st century and by up to 40% or more in a few centuries (46) . This will be of particular concern in industrialized regions of the North such as some areas of Russia where, due to industrial and agricultural practices, rivers are already a major source of metals (47) , pesticides (48) and radionuclicides (49) . Increased runoff and river discharge will increase the loading of these contaminants into the eastern Arctic Basin, ultimately leading to higher contaminant concentrations in marine mammal species that are important components of a traditional diet. This could dramatically increase the contaminant exposure for indigenous people of Russia and eastern Greenland, as concentrations of DDT and PCBs are already elevated in ringed seals from these regions, and will likely increase further with increased contaminant loading from increases in river discharge into the eastern Arctic basin (40) .
Wildlife as pathways of contaminant exposure: changes in habitat range and availability Climate warming in the northern hemisphere will influence the distribution and habitat range of some animals. One example is the change in distribution of sockeye salmon (Oncorhynchus nerka) in the Pacific Ocean as a result of warming. This species of fish is anadrodomous, spending time in both freshwater and marine environments. During the marine phase of its life cycle, sockeye salmon accumulate lipophilic contaminants such as POPs. After spawning in freshwater, they die and their carcass becomes an additional source of contaminants in freshwater ecosystems.
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In a study by Ewald et al, (50) input of contaminants from migrating salmon into freshwater lakes was shown to be significant, outweighing the importance of atmospheric transport for their Alaskan study lakes. Models predict that the importance of this route of exposure will increase in the North Pacific as the range of salmon in this ocean is further confined to more northern regions due to climate change and warming of ocean waters (51) .
Changes in ice and snow cover also affect the distribution of certain species that are important traditional foods. Ice and snow are ecologically important for many marine mammals acting as substrates for rearing young, foraging, resting and moulting (52) . As a result, the distribution of many marine mammals is linked to the recession and formation of landfast and pack ice. Seals are an important part of Inuit subsistence in many circumpolar regions (53, 54) . Seal meat and liver are also high in certain contaminants such as mercury (53, 54) . As ice and snow represent critical habitats for many pinnipeds, it is expected that a reduction in the cryosphere due to climate warming will reduce the abundance of these species. In support of this prediction, Moulton et al., (55) observed reduced ringed seal abundance in relation to the presence of melt water on the ice surface in the Alaskan Beaufort Sea. With climate warming in the North, accessibility to seals will likely be reduced, and therefore this source of contaminants will be diminished in the diet. However, seals also represent an important source of lipids, vitamins and minerals, and therefore loss of this species from a traditional diet would have negative consequences as well (3) .
Climate influenced changes in human industrial activities as a mechanism of contaminant exposure Due to reductions in ice coverage and thickness, it is predicted that there will be improved shipping accessibility and access to resources such as offshore oil in the circumpolar North. With increased sea traffic there is an increased risk of hazardous waste spills in Arctic waters. Oil and gas exploration is expected to increase in many Arctic regions making spills associated with this industry more likely as transportation south either via pipelines or marine shipping will be required. An oil spill resulting in significant increases in PAHs in the arctic environment is especially pertinent to human health as this group of contaminants have been implicated in breast, lung, and colon cancer in humans (56) .
In addition to increases in shipping traffic and oil transportation in the North, other industries such as aquaculture of fish species (e.g. salmon and trout spp) could increase in these regions. Slightly warmer water predicted for some regions, in combination with declines in many wild fisheries could increase the popularity of aquaculture in the North. Due to the location of many aquaculture farms in coastal waters, as well as the artificial diet fed to penned fish, higher levels of certain contaminants such as PCBs, organochlorine pesticides, and polybrominated diphenyl ethers (PBDEs) have been reported in farmed salmon (57, 58) . It is estimated that up to two million Atlantic salmon escape from aquaculture cages each year, thus representing a significant introduction of these organic contaminants into the surrounding aquatic food web (59) . Furthermore, due to the high density of farmed fish, sediments directly below the cages become CLIMATE CHANGE AND HUMAN HEALTH enriched in organic carbon and trace metals (Cd, Cu, Fe and Zn) due to the sedimentation of unused food.
Conclusions and recommendations
Major pathways of contaminant transport to the North include wind and ocean currents, and river outflow, all of which are affected by climate variables. In addition to these pathways, precipitation, animal availability and accessibility, UV radiation, cryosphere degradation and human industrial activities in the North are also influenced by climate change and will in turn have an effect on levels of human exposure to environmental contaminants in Arctic regions. The interacting processes governing how contaminant levels in traditional foods will be affected by climate change are in many cases very complex, and currently not well understood, making predictions of trends in contaminant levels, on a regional basis difficult at this time. In the context of northern human populations, exposure to contaminants is the culmination of both physical (eg. changes in atmospheric transport), biological (eg. changes in the availability of key species) and behavioural (eg. changes in desirability of country foods, access to store foods) factors and therefore an understanding of these changes and processes is crucial in predicting how contaminant exposure will change in response to long term climate variability and change in the circumpolar North.
Research recommendations
To predict long-term changes in the North, models able to describe contaminant transport are ideal, however many of the processes governing contaminant behaviour in both the physical and biological environment are too complex and not understood well enough to be included in realistic, predictive models. Therefore, in order to understand how climate change will affect contaminant cycling in the North, we must have a better understanding of the processes that influence how contaminants behave in the Arctic environment. It is critical also that there are accurate models that can predict exactly how the Arctic climate is changing on a regional scale. Furthermore, since all contaminant pathways are linked in some direct or indirect manner to climate variables, models that directly link contaminant movement with climate changes would be extremely valuable.
Recommendations for action and monitoring
If we are to predict changes in contaminant levels, we need to first have a good understanding of current contaminant levels in the Arctic environment, biota and human populations. For this reason, it is critical that sufficient spatial and temporal trend data be collected for contaminant levels in abiotic and biotic components of the Arctic environment and in human populations from all the Arctic regions.
With increases in industrialization in the North, including increased maritime traffic, there is an increased likelihood of accidents and large scale oil spills that may prove to be the most damaging contamination event for local and regional ecosystems and residents, and therefore, international efforts should also focus on the monitoring and prevention of such events.
